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Abstract. Calibrations of the PM4Silt constitutive model are presented for two
low-plasticity fine-grained soils that exhibit significantly different cyclic loading
behaviors. The PM4Silt model is a stress-ratio controlled, critical state compati-
ble, bounding surface plasticity model that was recently developed for represent-
ing low-plasticity silts and clays in geotechnical earthquake engineering applica-
tions. The low-plasticity clayey silt and silty clay examined herein were recon-
stituted mixtures of silica silt and kaolin with plasticity indices (PIs) of 6 and 20.
Undrained monotonic and undrained cyclic direct simple shear (DSS) tests were
performed on normally consolidated, slurry deposited specimens. Calibration of
the PM4Silt model was based on the monotonic and cyclic DSS test data, plus
empirical relationships for strain-dependent secant shear moduli and equivalent
damping ratios. The calibration process and performance of the PM4Silt consti-
tutive model are described for each soil. The results illustrate that PM4Silt is
capable of reasonably approximating a range of monotonic and cyclic loading
behaviors important to many earthquake engineering applications and is rela-
tively easy to calibrate.

Keywords: Liquefaction, Cyclic softening, Silt, Constitutive model, Cyclic.

1 Introduction

The selection of a constitutive model for representing liquefaction or cyclic soften-
ing of low-plasticity silts and clays in nonlinear dynamic analyses (NDAs) often re-
quires considerable compromise in engineering practice. Low-plasticity silts and clays
often exhibit cyclic loading behaviors that are intermediate to those exhibited by sand-
like and clay-like soils, such that constitutive models developed for specifically for
sands or clays may not reproduce the behaviors important to performance of systems
with these types of intermediate low-plasticity fine-grained soils.

The PM4Silt plasticity model (Boulanger and Ziotopoulou 2018) was recently de-
veloped for representing low-plasticity silts and clays in geotechnical earthquake engi-
neering applications. The PM4Silt model builds on the framework of the stress-ratio



controlled, critical state compatible, bounding surface plasticity PM4Sand model (ver-
sion 3) described in Boulanger and Ziotopoulou (2015) and Ziotopoulou and Boulanger
(2016). Modifications to the constitutive relationships (relative to PM4Sand) were de-
signed to improve the model's ability to approximate undrained monotonic and cyclic
loading responses for low-plasticity silts and clays, as opposed to those for purely non-
plastic silts or sands. The model was implemented as a dynamic link library for use
with the finite difference program FLAC (Itasca 2016).

This paper presents calibrations of the PM4Silt model for two low-plasticity fine-
grained soils that exhibit significantly different cyclic loading behaviors. The low-plas-
ticity clayey silt and silty clay examined herein were reconstituted mixtures of silica
silt and kaolin with plasticity indices (PIs) of 6 and 20. Undrained monotonic and un-
drained cyclic direct simple shear (DSS) tests were performed on normally consoli-
dated, slurry deposited specimens. Calibration of the PM4Silt model was based on the
monotonic and cyclic DSS test data, plus empirical relationships for strain-dependent
secant shear moduli and equivalent damping ratios. The calibration process and perfor-
mance of the PM4Silt constitutive model are described for each soil. The results illus-
trate that PM4Silt is capable of reasonably approximating a range of monotonic and
cyclic loading behaviors important to many earthquake engineering applications and is
relatively easy to calibrate.

2 PM4Silt Background

The PM4Silt model is a critical state and stress-ratio controlled bounding surface
plasticity model developed for low-plasticity silts and clays that exhibit stress-history
normalized undrained shear strengths. The bounding and dilation stress ratios are func-
tions of the state parameter (), such that they converge to the critical state stress ratio
as the soil is shear to critical state (§ = 0). The bounding surface relationship allows for
separate adjustments for states that are loose or "wet" of critical state (i.e., p' > p'cs,
where p'cs is the mean effective stress at critical state for the current void ratio) and
dense or "dry" of critical state (i.e., p' <p'cs), as illustrated in Fig. 1. The plastic modulus
and dilatancy relationships are functions of fabric and fabric history terms. The model
does not include a cap and therefore is not suited for simulating consolidation settle-
ments under increasing overburden stresses or directly simulating strength evolution
with consolidation stress history (e.g., along constant stress ratio loading paths). The
constitutive equations and details of the model are provided in the manual by Boulanger
and Ziotopoulou (2018).

The four primary input parameters are the undrained shear strength or undrained
shear strength ratio at critical state (sy.cs/0'vc), shear modulus coefficient (G,), contrac-
tion rate parameter (hyo), and post-strong-shaking shear strength reduction factor (Fs,).
The specified value for s, is used internally to position the critical state line at the
time of model initialization, conditional on the other input parameters, as illustrated in
Fig. 2. The shear modulus coefficient should be selected to match the small-strain shear
modulus (Gmax) corresponding to the measured or estimated in-situ shear wave velocity.
The contraction rate parameter should be calibrated to approximate the expected cyclic
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Fig. 2. Positioning the critical state line in PM4Silt based on the specified undrained shear
strength and other input parameters.

strength curve [i.e., cyclic resistance ratio (CRR) versus number of uniform loading
cycles to reach a specified failure criterion]. The post-strong-shaking shear strength
reduction factor is used in simulations of boundary value problems and is not applicable
to the calibration examples presented herein; the value of F, should be selected based
on the soil characteristics and the shear strains that develop in the system during strong
shaking as discussed in Boulanger and Ziotopoulou (2018).

The model has twenty secondary input parameters for which default values were
developed based on a generalized calibration to typical cyclic loading behaviors. De-
fault values are embedded in the initialization section of the model code and are applied



unless specified otherwise by the user. Nonetheless, there are several parameters that
the user may adjust for improved soil-specific calibrations, as illustrated in this paper.

The primary and secondary input parameters, along with their default values, are
listed in Table 1. Responses of the model for a baseline set of primary input parameters
in combination with the default secondary parameters are provided in the manual by
Boulanger and Ziotopoulou (2018).

Table 1. Input parameters for PM4Silt.

Input parameter ? Default value Calibrated values ©
PI=20 PI=6
silty clay  clayey silt

Sucs — Su at critical state -0 0.21 0.145
Go — shear modulus coefficient --b 345 736
hpo — contraction rate parameter --b 1.2 2.2
nG — shear modulus exponent 0.75 1.0 --

ho — plastic modulus ratio 0.5 -- --

o — initial void ratio 0.9 1.00 0.61
A - compressibility in e-In(p') space  0.06 0.18 0.07
¢'ev — critical state friction angel 32° 25° 32°
n®>" — bounding surface parameter 0.8 1.0 --

n>dY — bounding surface parameter 0.5 - -

n? — dilation surface parameter 0.3 -- --
Ado — dilatancy parameter 0.8 -- --
Tumax — Sets bounding pmin Pmin = Pes/8 -- 0.99
Zmax — fabric term 10 <40(su/c've) < 20 -- --

¢, — fabric growth parameter 100 20 150
ce - strain accumulation rate factor 0.5<(1.2su/6"v« +0.2)<1.3 0.25 1.0
Cop —modulus degradation factor 3.0 -- --
Ckat — plastic modulus factor 4.0 -- --
Vo — Poisson ratio 0.3 -- --

2 Excluding post-shaking analysis parameters (Fsu, PostShake, Ccc) and hour-glassing control
parameters (Crhg, Chg).

b Required input parameter that does not have a default value.

¢ Retained default value if no entry listed.



3 Calibration of PM4Silt for a PI = 20 silty clay

The first soil examined herein is a normally consolidated, silty clay with a PI of 20,
liquid limit (LL) of 42, and USCS classification of CL. This soil was manufactured by
mixing 70% kaolin with 30% silica silt by dry mass. The silica silt was US Silica Sil-
Co-Sil 250 from Ottawa, IL and the kaolin clay was Old Hickory Clay Company No. 1
Glaze from Hickory, KY. The mixture was hydrated as a slurry at twice its liquid limit,
and then slurry deposited in the DSS mold for subsequent consolidation and testing.
Test results are presented for specimens consolidated to an initial vertical effective
stress (o'vc) of 100 kPa. Monotonic and cyclic tests were generally performed at the
same strain rate of 5%/hr. Additional details regarding laboratory tests on these mate-
rials are provide in Price et al. (2015, 2017).

The process for calibrating PM4Silt is iterative, but the number of iterations can be
minimized by sequencing the calibration steps in a logical order. There are a variety of
sequences that can lead to an efficient calibration process, with the preferred sequence
depending on the available information and the constitutive responses of primary inter-
est. The process used for the present calibration can be summarized as follows:

[1] select values for the primary input parameters Sy cs (Or Sucs/C'vc) and Go,

[2] select values for any secondary parameters that can be informed by soil-specific

test data, such as ng, €o, A, and ¢'cv,

[3] simulate the undrained monotonic DSS loading response and use n®** to adjust
the peak s, if the soil is initially wet of critical,

[4] simulate undrained cyclic DSS loading at different strain amplitudes and use h,
to adjust, as desired, the dependence of secant shear moduli and equivalent
damping ratios on cyclic shear strain amplitude,

[5] simulate undrained cyclic DSS loading with uniform cyclic stress ratios and use
hpo to adjust the fit to the cyclic DSS laboratory test data for CRR versus number
of uniform loading cycles to cause a peak shear strain of 3%,

[6] examine the stress-strain and stress-path responses of the above cyclic loading
simulations, and use other secondary parameters such as c,, e, and rymax to ad-
just the shear strain accumulation rate and other features of behavior, and

[7] repeat steps [3] through [6] until no further revisions to input parameters are
warranted.

The input parameters obtained by the above process for the PI = 20 silty clay are listed
in Table 1. Per step [1], su,cs/C'vc Was set to 0.21 based on the monotonic DSS test results
presented later and G, was set to 345 based on the empirical correlation by Carlton and
Pestana (2012). Per step [2], e, was set to 1.0, A to 0.18, and ¢'cy to 25° based on the
responses of the DSS specimens during consolidation and shearing. Additional com-
ments on the calibration process are provided with the following comparisons of simu-
lated and measured or target responses.

Measured and simulated responses in monotonic undrained DSS loading are com-
pared in Fig. 3. The simulated and measured shear strengths at critical state are the
same, which reflects the fact that s, is an input parameter. The parameter n®*** was
set to 1.0 because this limits the peak shear resistance to s,cs in the simulation, which
matches the strain-hardening response observed in the test. The stress-strain response
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Fig. 3. Undrained monotonic DSS loading responses for the PI = 20 silty clay.

is initially much stiffer in the simulation than in the laboratory test, but this reflects the
decision to base G, and the target G/Gmax behavior on empirical correlations, rather than
attempting to match the measured DSS loading response. The stress-strain response
measured in DSS tests is known to underestimate small strain stiffness due to various
limitations with standard equipment, which means that adjusting G, to match the meas-
ured DSS response would underestimate the true small-strain stiffness. The small-strain
modulus and modulus reduction behavior are key concerns for any dynamic response
analysis, so they were given priority in the calibration of the model parameters.

Normalized secant shear moduli (G/Gmax) and equivalent damping ratios from sim-
ulations of undrained cyclic DSS loading at ¢'\c of 100 and 400 kPa are compared to
the empirical curves by Vucetic and Dobry (1991) for PI =0 and 15 soils in Fig. 4. The
simulations have three cycles of loading at each strain amplitude; the secant shear mod-
ulus and damping ratio from the last cycle at each strain amplitude are the values plotted
in Fig. 4. The G/Gmax and equivalent damping ratios are close to the empirical PI = 15
curve for cyclic strain amplitudes less than about 0.03%, which was considered suffi-
ciently reasonable to not warrant adjusting the parameter h,. The more rapid drop in
G/Gmax and increase in damping ratios (relative to the empirical PI = 15 curves) as
cyclic strain amplitudes exceed about 0.1% reflect cyclic degradation for this soft soil
condition (e.g., stress-strain loops in the lower left plot of Fig. 4). This deviation from
the empirical curves at larger strains is considered reasonable for this soft soil condition,
and thus no attempt was made to improve the fit with the empirical curves at these
larger strains. The simulations show a negligible effect of ¢'vc on G/Gmax or equivalent
damping ratios because the shear modulus exponent ng was set equal to 1.0.

Measured and simulated cyclic stress ratios (CSRs) required to cause a peak shear
strain of 3% are plotted versus the number of uniform loading cycles in Fig. 5. The
simulated cyclic strength will be approximately equal to the peak s./c'. ratio near a
single loading cycle. The parameter hp,, was then iteratively adjusted to its final value
of 1.2 to bring the simulated cyclic strength curve into an average agreement with the
cyclic DSS test results.

Measured and simulated stress-strain and stress-path responses are compared for
specimens loaded at CSRs of 0.16 and 0.13 in Figs. 6 and 7, respectively. The values
for ¢, and c. were reduced to 20 (compared to a default value of 100) and 0.25 (com-
pared to a default value of 0.5), respectively. These adjustments reduced the rates of
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Fig. 5. Cyclic stress ratio versus number of uniform loading cycles to cause
3% shear strain in undrained cyclic DSS loading for the PI = 20 silty clay.

shear strain accumulation in the simulations to levels consistent with the measured re-
sponses at different loading levels. The shear modulus exponent ng was set to 1.0
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Fig. 6. Stress-strain and stress path responses in undrained cyclic DSS loading at a relatively
high loading level for the PI = 20 silty clay.
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Fig. 7. Stress-strain and stress path responses in undrained cyclic DSS loading at a relatively
low loading level for the PI = 20 silty clay.

because it slightly improved (narrowed) the stress-strain hysteresis loops and is con-
sistent with other expectations for this more plastic fine-grained soil; e.g., minimal ef-
fects of 6'c on shear moduli and damping ratio values as shown in Fig. 4. The maximum
excess pore pressure ratio was about 85-86% in the simulations (i.e., minimum 6'/G'yc
of 0.14-0.15), which is in reasonable agreement with the measured values of 80-88%.



The simulated stress-strain responses are in good agreement with the measured re-
sponses for both loading levels.

4 Calibration of PM4Silt for a PI = 6 clayey silt

The second soil examined is a normally consolidated, clayey silt with a PI of 6, LL
of 22, and USCS classification of CL-ML. This soil was manufactured by mixing 20%
kaolin with 80% silica silt by dry mass. The mixture was hydrated as a slurry at twice
its liquid limit, and then slurry deposited in the DSS mold using the same general pro-
cedures as for the first soil. Test results are presented for specimens consolidated to an
initial vertical effective stress (c'vc) of 100 kPa. Additional details are provided in Price
et al. (2015, 2017).

The calibration process for this soil was the same as described in the previous sec-
tion. The input parameters obtained for this PI = 6 clayey silt are listed in Table 1. Per
step [1], sucs/C'vc Was set to 0.145 based on the monotonic DSS test results presented
later and G, was set to 736 based on the empirical correlation by Carlton and Pestana
(2012). Per step [2], e, was set to 0.61, A to 0.07, and ¢'cy to 32° based on the responses
of the DSS specimens during consolidation and shearing. Additional comments on the
calibration process are provided with the following comparisons of simulated and
measured or target responses.

Measured and simulated responses in monotonic undrained DSS loading are com-
pared in Fig. 8. The simulated and measured shear strengths at critical state are the
same, which again reflects the fact that s, is an input parameter. The parameter n>Vet
was left at its default value of 0.8 because this produced a slight peak in the shear re-
sistance, consistent with the response observed in the test. The stress-strain response is
a bit stiffer in the simulation than in the test, which again reflects the decision to base
G, and the target G/Gmax behavior on empirical correlations, rather than attempting to
match the measured monotonic DSS loading response.

Shear moduli and equivalent damping ratios from simulations of undrained cyclic
DSS loading at '\ of 100 and 400 kPa are compared to the empirical curves by Vucetic
and Dobry (1991) for PI = 0 and 15 soils in Fig. 9. The shear moduli and equivalent
damping ratios are close to the PI = 0 curve for cyclic strain amplitudes less than about
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Fig. 8. Undrained monotonic DSS loading responses for the PI = 6 clayey silt.



0.2 T T T I s SEALL B m L
|  PMA4Silt simulations: J F Empirical by 4
Clayey silt, Pl = 6 / 0.8 N Vucetic & -

.S
S \
S 0.1 o'y =100kPa \, \ Dobry (1991)
i) OCR =1 \\ ---- Pi=0
® i 1 g 06 N —— Pi=15"]
S A 7 @E \ \\ i
U’ A\
3 5 / i G 04
S \ \
2 o1 [ A\ ]
o 0.
%] 0.2
) s L// | \§~ N

0.2 . . . . PY EPPTTI IR IR I

0.1  -0.05 0 0.05 0.1 0.0001 0.001  0.01 0.1 1 10
Shear strain (%) Shear strain (%)
0.3 60 —rrr— Ty
o 3 -~ . . .
.S NN | PMA4Silt simulations
o 02 ~ '
> | o —e— o', =100 kPa
S 01 R —a— o\ =400kPa \
= =
g | 2 Z
(%] = = .-
] L 220 -
) IS
S 0.1 (%]
@ [ kS
o .
o =
8 0.2 S o
92 43 . . . . w RPTTP EEPETTT EEPTTTY EEPTTTT T
-1 0.5 0 0.5 1 0.0001 0.001  0.01 0.1 1 10
Shear strain (%) Shear strain (%)

Fig. 9. Shear modulus and equivalent damping ratios from undrained cyclic loading at different
shear strain amplitudes for the PI = 6 clayey silt.

0.03%, which was considered sufficiently reasonable to not warrant adjusting the pa-
rameter h,. The more rapid drop in shear moduli and increase in damping ratios as
cyclic strain amplitudes exceed about 0.1% reflect cyclic degradation for this soft soil
condition (e.g., stress-strain loops in the lower left plot of Fig. 9). This deviation from
the empirical curves at larger strains is again considered reasonable for this soft soil
condition. The simulations show a modest increase in G/Gmax values and decrease in
equivalent damping ratios with increasing c'v, which is consistent with experimental
trends. The simulations exhibit this stress dependence because the shear modulus ex-
ponent ng was left at its default value of 0.75.

Measured and simulated cyclic stress ratios (CSRs) required to cause a peak shear
strain of 3% are plotted versus the number of uniform loading cycles in Fig. 10. The
parameter hy, was iteratively adjusted to its final value of 2.2 to bring the simulated
cyclic strength curve into average agreement with the cyclic DSS test results.

Measured and simulated stress-strain and stress-path responses are compared for
specimens loaded at CSRs of 0.12 and 0.10 in Figs. 11 and 12, respectively. The pa-
rameter rymax Was set to 0.99 to enable the simulations to reach maximum excess pore
pressure ratios consistent with those measured in the tests. The values for ¢, and c. were
increased to 150 (compared to a default value of 100) and 1.0 (compared to a default
value of 0.5), respectively. These adjustments increased the rates of shear strain accu-
mulation in the simulations to levels consistent with the measured responses at different
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Fig. 11. Stress-strain and stress path responses in undrained cyclic DSS loading at a relatively
high loading level for the PI = 6 clayey silt.

loading levels. The simulated stress-strain responses are in good agreement with the
measured responses for both loading levels.
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5 Concluding remarks

Calibrations of the PM4Silt constitutive model recently developed by Boulanger and
Ziotopoulou (2018) were presented for normally consolidated, slurry deposited speci-
mens of a PI = 6 clayey silt and a PI = 20 silty clay. These two low-plasticity, fine-
grained soils exhibited significantly different cyclic loading behaviors. The P1= 20 silty
clay had greater monotonic and cyclic undrained shear strengths, and developed lower
peak excess pore pressure ratios with slower rates of shear strain accumulation in cyclic
undrained loading. The PM4Silt model was shown to be capable of reasonably approx-
imating the monotonic and cyclic loading behaviors for both soils.

The calibration of PM4Silt or similar constitutive models for use in seismic analyses
of geotechnical structures involves a number of considerations not discussed herein.
For example, cyclic strengths obtained from conventional cyclic undrained DSS tests
on high-quality field samples may require adjustments for strain-rate and multi-direc-
tional loading effects before being used to calibrate a constitutive model for use in a
two-dimensional analysis. These and other aspects of constitutive model calibration and
evaluation practices are discussed in Boulanger and Beaty (2016) and Boulanger and
Ziotopoulou (2018).
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